Abstract Anthropogenic activity, especially modern apiculture, has considerable impact on the natural distribution of the Western honeybee, Apis mellifera, leading to the spread, replacement and fragmentation of many subspecies. This creates demand for the conservation of some subspecies, in particular, Apis mellifera mellifera, which once was widely distributed in Western Europe and nowadays is endangered through habitat loss and fragmentation. Moreover, A. m. mellifera may be further endangered by hybridisation in populations that now occur in artificial sympatry with other subspecies. Here, we quantify and compare individual hybridisation between sympatric and allopatric honeybee populations of A. m. mellifera and A. m. carnica using microsatellite markers and a Bayesian model-based approach. We had a special focus on pure breeding populations, which are a major tool in honeybee conservation. Our results demonstrate that subspecies are still highly differentiated, but gene flow is not prevented by the current management strategies, creating urgent demand for an improved conservation management of A. m. mellifera. However, the occurrence of a high number of pure individuals might suggest that some sort of hybrid barrier acts against the complete admixture of the two subspecies.
Introduction
Human activity has a major impact on the distribution of the Western honeybee, Apis mellifera. While the species' original range in Africa, western Asia and Europe (Ruttner 1988) has enormously extended to new continents over the last centuries, this process has not affected all subspecies to the same extent. Some of the 24 allopatrically distributed subspecies (Ruttner 1988) have experienced massive range expansions, while others faced contractions and fragmentation of original populations after the introduction of nonnative honeybees by humans (Ruttner 1988; Garnery et al. 1998; Franck et al. 2000; De la Rua et al. 2002; Schneider et al. 2004; Jensen et al. 2005) . These honeybee movements certainly involved admixture between different subspecies belonging to different evolutionary lineages, like lineage M from Western Europe (A. m. mellifera), lineage C from south-eastern Europe (A. m. carnica and A. m. ligustica) and lineage A from Africa (Cornuet et al. 1991; Garnery et al. 1992; Franck et al. 2001 ).
Introductions in Europe
The black honeybee, A. m. mellifera, used to occupy an area expanding from the Pyrenees to the Ural, which is the largest territory occupied by any European subspecies (Ruttner 1988) . This large distribution suggests a high potential of adaptation to changing environments and the occurrence of various different ecotypes (Garnery et al. 1992; Jensen et al. 2005) . Therefore, its protection is of considerable conservational interest. However, major introductions of other honeybee subspecies have occurred over 150 years in the original range of A. m. mellifera (Fig. 1) . In large parts of Western Europe, the two sister subspecies A. m. carnica and A. m. ligustica of evolutionary lineage C have continuously been introduced. In Germany, A. m. mellifera was almost completely replaced by A. m. carnica (Moritz 1991) and in Denmark by A. m. ligustica (Jensen et al. 2005) . In France, distinct mtDNA haplotypes and nuclear alleles of evolutionary lineage C (A. m. carnica and A. m. ligustica) were detected, indicating admixture of south-eastern subspecies with the original population of lineage M (A. m. mellifera, Garnery et al. 1998) . In Northern Europe, admixture was detected in a British population analysing nuclear and mitochondrial markers (Jensen et al. 2005) . In Spain, eastern mtDNA haplotypes were detected in populations of A. m. iberica, a sibling subspecies of A. m. mellifera (Radloff et al. 2001; De la Rua et al. 2002 , 2003 . In conclusion, A. m. mellifera is potentially endangered mainly due to the strong reduction and fragmentation of its original distribution range (Büchler and Pechhacker 2005; Jensen et al. 2005 ).
Hybridisation
The ability of the subspecies to hybridise represents another potential threat to A. m. mellifera. Although hybridisation occurs (Franck et al. 2000; Jensen et al. 2005; Schneider et al. 2004 ), it is not yet known to what extent it actually leads to genetic introgression by the ability of the hybrids to reproduce. In order to propose measures for the conservation of A. m. mellifera, it appears necessary to understand the mechanisms underlying hybridisation and to quantify hybridisation among the subspecies, which now occur in artificial sympatry. Besides conservation issues, artificial secondary contact zones are of considerable interest in order to study evolutionary processes and speciation mechanisms among evolutionary lineages and subspecies. For example, African subspecies displayed a high reproductive advantage in neotropic climates that resulted in the replacement of European colonies (Hall and Muralidharan 1989; Clarke et al. 2001 Clarke et al. , 2002 . The aim of our study is therefore to quantify the amount of introgression and the hybridisation potential between the two main European evolutionary lineages of the honeybee (M and C). We chose two areas in Switzerland. In the first one, the indigenous A. m. mellifera now occurs in artificial sympatry with A. m. carnica. In the second area, A. m. mellifera has been replaced area-wide by A. m. carnica over the last 40 years. In both areas, so-called pure breeding populations have been established by apiculturists for A. m. mellifera and/or A. m. carnica, respectively. In these pure breeding populations, virgin queens are mated with selected males (drones) at isolated mating stations in order to prevent hybridisation between subspecies (Böttcher 1947) . In case of A. m. carnica, they serve as stock improvement tools. For A. m. mellifera, pure breeding populations are also a major conservation instrument to avoid gene flow from A. m. carnica. In this study, we quantify genetic differentiation and hybridisation among pure Swiss breeding populations using nuclear markers. We further quantify the amount of introgression at the individual and population level that may occur despite pure breeding management. Given that the current management strategies are sufficient, we expect no hybridisation in the pure breeding populations. If however, hybridisation will be detected, conservation efforts for the black honeybee, A. m. mellifera, must be improved. Fig. 2 ; Table 1 ). We obtained a mean sample size of 18.5 workers per population. To ensure that all sampled workers originated from different colonies; they were randomly sampled from brood cells and stored in pure ethanol until further DNA processing.
DNA extraction and microsatellite analyses
Whole genomic DNA was extracted with MagneSil Ò BLUE beads (Promega) using the following modified protocol of the producer: About 20 ll of MagneSil Ò BLUE beads were added to 200 ll digestion solution and shaken for 5 min. The beads were then bound to the side wall of the tube with a MagnaBot Ò Magnetic Separation Device (Promega) and the digestion solution was removed. The beads were washed twice with 200 ll of 80% EtOH for 5 min. After a drying step of the beads for 20 min at 55°C, the elution was performed by adding 50 ll of ddH 2 O for 5 min and subsequent removal as described above. DNA concentrations ranged between 63.5 and 165.5 ng/ll with a mean of 97.9 ng/ll (n = 16). Nine microsatellite loci (A007, A28, A43, Ac306, Ap33, Ap273, Ap226, Ap289, B24; Solignac et al. 2003) were amplified in one multiplex reaction. Reactions were performed in a 10 ll reaction volume using a Multiplex PCR Kit (QIAGEN) following the protocol of the producer with continuously modified primer concentrations and running 33 amplification cycles. Fragments were run on a 3100 Prism Genetic Analyser (Applied Biosystems) with an internal LIZ size standard (ABI) and scored with the software Genemapper 3.0 (ABI).
Population genetic analyses
Pairwise FST values between populations were calculated using the program ARLEQUIN 2001. To calculate the average number of alleles per locus and population the software GENEPOP (Raymond and Rousset 1995) was used. A neighbour-joining tree was constructed with the program Populations 1.2.28 using Nei's DA distance (Nei et al. 1983 ). Bootstrap was performed using 2,000 replicates and edited with the program TreeExplorer 2.12. To quantify the degree of genetic divergence among the groups of populations, Analyses of Molecular Variance (AMOVA) (Excoffier et al. 1992) were performed with the program Arlequin 2001. To test for the assignment to different subspecies the number of groups was evaluated following Evanno et al. (2005) using the program Structure 2.0 (Falush et al. 2003 ) including all of the Swiss and reference data with no prior information about subspecies association or population groupings. The resulting groups where then associated to the subspecies of the respective reference populations therein and the other populations assigned accordingly. To estimate admixture proportions, many methods have been developed, some using MaximumLikelihood approaches (Chikhi et al. 2001; Wang 2003) , others using Bayesian model-based clustering methods and the most recent method following an Approximate Bayesian Clustering approach (ABC) (Excoffier et al. 2005) , performing especially well for more ancient admixture events. However, population estimates do not necessarily give information about the actual amount of introgression into a population. The overall admixture coefficient does give information only on the population but not on the individual basis. Admixture could occur without actual introgression, meaning that hybrids are viable but somehow lack the ability to reproduce. For the management of pure breeding populations the average admixture proportions are of secondary interest. The identification of single individuals as pure or hybrids is much more valuable, in order to accept or exclude them from breeding programs.
In our study, we concentrated on hybridisation on an individual basis using a Bayesian framework of modelbased clustering developed by Anderson and Thompson (2002) that was specifically developed for the identification of hybrid individuals in a potentially admixed population. The method is implemented in the program NEWHYBRIDS 1.1 beta, which assumes that hybridisation could have arisen during two generations and estimates the probability of an individual to belong to one of six different hybrid classes (pure 1, pure 2, F1 = pure 1 9 pure 2, F2 = F1 9 F1, backcross 1 = F1 9 pure 1, backcross 2 = F1 9 pure 2). The contribution of one group to the hybrid classes are the following; pure 1 and 2 = 100% and 0%, respectively, F1 and F2 = 50%; backcross 1 and 2 = 75% and 25%, respectively. Computations were run for each population separately including the populations from Norway (N), France (F), Slovenia (SL) and Austria (AC) as references. Besides the reference populations, no prior information about subspecies, population or group associations were used. The threshold for hybrid individuals was set to P \ 0.95 within the hybrid class ''pure''. We chose to use an even more stringent threshold than the one proposed by Vähä and Primmer (2006) in order to reduce the misclassification of backcrossed individuals as pure ones to a minimum. Q-values (individual hybrid proportions) for Hybrid index scores were calculated with the program STRUCTURE 2.0 assuming three groups (K = 3) and summing the P values for the contributions of the two C-groups.
Results
The analyses of population differentiation revealed an FST value of 36.8% among the evolutionary lineages M and C. Within A. m. carnica we found evidence for a distinct phylogeographic substructure.
Pairwise FST Overall, the results showed a highly significant differentiation among most of the population pairs (Table 2 ). In general, lower FST values were observed between populations from the same evolutionary lineage. A clear increase in differentiation was observed among populations from different regions (eastern-western Switzerland) irrespective of the evolutionary lineage (Table 2) .
Population tree
The construction of a phylogenetic tree using Nei's genetic distance (DA) showed a distinct separation of the two evolutionary lineages (Fig. 3) supported by bootstrap values of 65% for the branch with the C-Group populations and 82% for the branch with the A. m. mellifera populations. The Tyrolean A. m. mellifera population clusters between the C-Group and the A. m. mellifera populations. The Austrian samples form a sub branch within the C-Group supported by a bootstrap value of 63%. Another sub branch on the tip of the C-group is formed by the A. m. ligustica populations, supported by a bootstrap value of 58%. Within the M branch, the two reference populations from Norway and France formed a sub cluster at the tip of the branch, supported by a bootstrap value of 60%.
Structure
The procedure by Evanno et al. (2005) to assess the correct number of groups for a given dataset with the program STRUCTURE 2.0, reveals one distinct partition into two groups of populations separating the A. m. mellifera populations from the populations of lineage C (Fig. 4) . The two groups were further analysed separately following Falush et al. (2003) to detect underlying structures that cannot be identified due to more distinct separations. We could find a clear second structure within the C lineage, which was already suggested by the high FST value within this group (see AMOVA) following the separation into a northern and southern alpine group (Fig. 4) . Swiss A. m. carnica populations were assigned to the group with the highest average contribution within the respective population. The populations from Austria (AC, AZ) as well as Gibidum (GI), Greina (GN) and Muotathal (MU) formed one group. The second group includes all the other Swiss A. m. carnica populations, the Slovenian population as well as the A. m. ligustica populations. The vertical bars in the individuals plot in Fig. 4 shows the respective contribution of each group for each individual.
AMOVA
The result of the Analyses of Molecular Variance (AM-OVA) revealed a distinct substructure with a significant overall FST value of 29.3% (P \ 0.001) among all populations. Within groups of subspecies, the highest FST value was detected in the A. m. carnica group with 13.6%, (P \ 0.001) followed by the A. m. mellifera group with 8.4% (P \ 0.001). A very small, none significant FST value was detected among the populations of A. m. ligustica (FST = 0.3%; P = 0.39). No significant differentiation between A. m. carnica and A. m. ligustica could be detected (Table 3) . Analyses of the differentiation among groups of populations revealed no significant differentiation of the Swiss A. m. carnica and A. m. mellifera to their respective European reference populations. But within A. m. carnica a significant amount of differentiation could be detected among the northern and southern alpine populations discovered in the STRUCTURE analysis (Table 3 ). The differentiation of Swiss A. m. mellifera populations to each of the Swiss A. m. carnica groups revealed a larger differentiation to the allopatric western Swiss A. m. carnica (FST = 42.1%; P = 0.005) than to the sympatric eastern Swiss A. m. carnica (FST = 29.6%; P = 0.037). Within the A. m. mellifera a small but significant differentiation from the northern (N, S) to the southern (Swiss, F) populations was detected (Table 3) .
Hybridisation
For A. m. carnica, hybrids were detected in 75% of the pure breeding populations in western and in 80% of the breeding populations in eastern Switzerland. Similarly, in 83.3% of the A. m. mellifera pure breeding populations, hybrids were also detected.
Different admixture patterns
The distribution of hybrid classes within individuals revealed a high relative amount of F1 hybrids in the population Table 1 Gibidum (GI) and a minor amount in the populations of Greina (GN) and Tyrol (AM). F2 hybrids were detected in the populations Rotbach (RO), Tyrol (AM), Gletsch (GL), Petit-Mont (PM) and Justistal (JU). Backcrosses with A. m. carnica or A. m. mellifera were only detected in A. m. carnica or A. m. mellifera populations, respectively except Tyrol (AM). Backcrosses could be detected in all the populations with hybrids except in Petit-Mont (PM). Overall, the highest amount of backcrossed individuals could be detected in the populations of Swiss A. m. mellifera.
Number of pure and hybrid individuals
The number of pure and hybrid individuals varied greatly among populations ( Fig. 5 ; Table 4 . Within A. m. carnica, the eastern assumed allopatric population group had hybrids but significantly fewer compared to the western one. The Swiss group of A. m. mellifera populations had significantly more hybrids compared to both Swiss A. m. carnica groups.
Hybrid index score
The histogram of the individual admixture values for each group of pure breeding populations in Switzerland (Fig. 6 ) revealed a strong skew towards pure individuals. A considerable amount of backcrossed individuals could be detected, with Q-values ranging between approximately 0.05 and 0.3. A small hybrid swarm indicating F1 hybrids Fig. 3 Unrooted Neighbour Joining tree of populations based on Nei's DA distance (Nei et al. 1983 (individuals with Q-values around 0.5), was detected in eastern Switzerland, where both subspecies occur in artificial sympatry. Overall, the sympatric population (Fig. 6a) revealed a higher amount of hybrid individuals than the assumed allopatric population (Fig. 6b ).
Discussion
Our data show that despite extensive efforts by beekeepers, artificial sympatry of indigenous A. m. mellifera with introduced A. m. carnica results in considerable hybridisation Table 1 and subsequent introgression among honeybee populations. Besides habitat loss and fragmentation, this imposes another major threat for the black honeybee A. m. mellifera in admixed environments, thereby creating demand for an improved conservation management. Indeed, our data reveal hybrids in most pure breeding populations, strongly suggesting that management strategies should be adjusted.
Genetic differentiation
The bootstrap values in the population tree support a distinct differentiation between the two main evolutionary lineages (Fig. 3) . In fact, the extent of differentiation between A. m. mellifera of the lineage M and the two subspecies of lineage C (A. m. carnica and A. m. ligustica) accounts for 35% of the total variation (AMOVA). This is well within the range observed in other studies (16-55%, Garnery et al. 1998; Franck et al. 2000; Jensen et al. 2005) , suggesting that the European evolutionary lineages are still differentiated to a large extent despite human induced artificial sympatry. This strong differentiation might be assigned to the artificial selection pressure on the pure breeding populations thereby reducing genetic differentiation. However, the occurrence of hybrids in most pure breeding populations demonstrates that the conventional methods are not able to identify hybrids and are thus not suitable to prevent gene flow among subspecies. Besides the strong differentiation among the evolutionary lineages, substructures were also detected within the subspecies indicating a geographic pattern. For A. m. mellifera, Jensen et al. (2005) described a substructure separating the populations from Scandinavia and the British Isles (5.81%). Our results show an additional separation of the Scandinavian and the more southern European populations in Switzerland and France (4.7%, Table 3 ). Although significant, the amount of differentiation is small and thus indicative for a fast colonisation speed after the last retreat of the ice (Hewitt 1996) . The faster a species colonises an empty area through long distance migration or long range leaps, the fewer diversity should be observed in the newly colonised habitats. This supports the results of an mtDNA study and a survey of morphological traits, suggesting that A. m. mellifera has naturally colonised Northern Europe from is southern refuge in France (Ruttner 1988; Garnery et al. 1992 ). This colonisation pattern has not yet been observed in other species, where northern Europe has always been colonised at least partially out of refuge areas from the Balkan or areas further east (Hewitt 1999 (Hewitt , 2000 . In the eastern lineage C, the detected substructure was not in agreement with the original subspecies definitions based on the morphological description of Ruttner (1988) . The Slovenian A. m. carnica population (southern alpine) is more differentiated from the population of the same subspecies in Austria (northern alpine) than from the A. m. ligustica populations in northern Italy, suggesting that the Alps constitute a natural barrier for gene flow in honeybees. This also indicates that within an evolutionary lineage of honeybees it appears difficult to assign a population to a specific subspecies based on morphometric traits alone. In the case of the southern-alpine group, our results suggest that some amount of gene flow either ancient or recent has lead to the homogenisation of the two subspecies. This supports the results of a study on the Italian honeybee population that proposed the emergence of A. m. ligustica by introgression of the eastern lineage C into a persisting ancient population of lineage M in northern Italy (Franck et al. 2000) . It can well be imagined, that the low sea level during glaciation cycles facilitated gene flow among the Italian peninsula and its initial colonisation area in the east (Garnery et al. 1992) . The differentiation within A. m. carnica is also detectable in the Swiss populations (Fig. 4) probably reflecting the origin of the queens that have been used to found these populations and that are still imported to supply the pure breeding populations. Although only two distinct subgroups could be detected within A. m. carnica, all of the populations are significantly differentiated to each other (Table 2) , indicating little gene flow among the populations. This could be a result of the different origins of the populations followed by a strong selection pressure and little queen exchange. In contrast, the A. m. mellifera pure breeding population in Switzerland display a quite homogenous group structure. This suggests that either gene flow occurs among these populations or that artificial selection pressures are too weak to alter the structure of the population group.
Hybridisation and introgression
We found clear evidence for hybridisation and subsequent introgression in form of second generation hybrids like F2 and backcrosses. Our results therefore show that besides habitat loss and fragmentation, artificial sympatry of European subspecies of A. mellifera imposes a major threat for the conservation of the black honeybee A. m. mellifera in the remaining population fragments.
Although hybridisation is not reversible and will inevitably end by complete admixture of the parental populations, unless some kind of hybrid barrier prevents this scenario (Allendorf et al. 2001) , high proportions of pure A. m. mellifera and A. m. carnica individuals were still found (Fig. 6a) . In case of A. m. carnica, the occurrence of pure individuals could be due to the ongoing import of pure queens from abroad. This might be the reason for the reduced amount of hybrid individuals in pure breeding A. m. carnica populations compared to A. m. mellifera, which solely relies on local breeding stocks. However, high levels of pure individuals were also found in A. m. mellifera populations. The formation of a hybrid swarm (Fig. 6a) can stabilise even in the course of hybrid counter-selection (Allendorf et al. 2001) . If fertile hybrids are produced but no complete admixture can be observed, either the hybridisation event is very recent or there exist mechanisms that obstruct the hybridisation process. In case of the Swiss sympatric honeybee populations, where only a small hybrid swarm was detected (Fig. 6a) , the first possible hybridisation events dates back at least 150 years as suggested by advertisements in the Swiss Bee Journal offering ''Carnolian'' bees from Austria. Therefore, it is very unlikely that the formation of a small hybrid swarm is due to the young age of the admixed population. Instead, we here propose that the high proportion of pure A. m. mellifera individuals in a sympatric habitat is maintained by some sort of incomplete hybridisation barrier. Assortative mating between subspecies could be one potential mechanism for such a hybridisation barrier and has been reported for A. m. carnica and A. m. ligustica probably due to differential vertical distribution of male sexuals (drones) at mating areas (Koeniger et al. 1989) .
In order to increase the effectiveness of conservation areas and pure breeding populations, more information about the dispersal distances of drones and queens is inevitable to avoid gene flow into the endangered subspecies A. m. mellifera. Topographic structures like mountains and large water-bodies were proposed to inhibit flight paths of drones (Ruttner 1976; De la Rua et al. 2002) . Although there are various reports on mating flight frequencies, mating distances and mating success of drones and queens (Ruttner 1956 (Ruttner , 1976 Ruttner and Ruttner 1965 , 1966 , 1968 , 1972 Koeniger 1986; Berg et al. 1997; Schlüns et al. 2003 Schlüns et al. , 2004 Schlüns et al. , 2005a Koeniger et al. 2005) , detailed knowledge about mating distances is lacking. Because bee breeders use alpine mating apiaries that are isolated by up to 10 km from the surrounding population, our results suggest that either some proportion of drones or queens regularly extend their mating flights beyond this distance. Alternatively, but not mutually exclusive, the identification of hybrid individuals by the bee breeders using conventional morphometric methods is not sufficient. We here suggest improving the conservation management of A. m. mellifera via an enhanced identification of hybrids. The methods applied in this study have shown to be a very useful tool for such identification in order to exclude hybrids from conservational breeding. Deeper insights about the mechanisms of hybridisation and mating distances will further support conservation efforts of honeybee subspecies.
